Changes in gene expression resulting from epigenetic and/or genetic changes play an important role in the evolutionary divergence of phenotypes. To explore how epigenetic and genetic changes are linked during primate evolution, we have compared the genome-wide DNA methylation profiles (methylomes) of humans and chimpanzees, which have a 1.2% DNA sequence divergence, of sperm, the frontal cortices, B cells, and neutrophils. We revealed that species-specific differentially methylated regions (S-DMRs), ranging from several hundred base pairs (bp) to several kilo base pairs (kb), were frequently associated with sequence changes in transcription factor-binding sites and insertions of Alu and SVA retrotransposons. We then generated a reference macaque sperm methylome map and revealed, in sperm, that both human and chimpanzee S-DMRs arose more frequently owing to methylation loss rather than gain. Moreover, we observed that the sperm methylomes contained many more hypomethylated domains (HMDs), ranging from 20 to 500 kb, than did the somatic methylomes. Interestingly, the sperm HMDs changed rapidly during primate evolution; hundreds of sperm HMDs were specific to humans, whereas most somatic HMDs were highly conserved between humans and chimpanzees. Notably, these human-specific
Introduction
In the genome, cytosine methylation at CpG sites is an epigenetic modification that plays a critical role in gene regulation, the silencing of transposable elements, and the pathogenesis of diseases such as cancer (1, 2) . Most CpG sites in the mammalian genome are generally highly methylated; however, some regions, such as CpG-rich islands and active regulatory elements (promoters and enhancers), are known to have reduced or no methylation (3, 4) . Acquisition of methylation at promoters and enhancers is strongly associated with transcriptional silencing, and changes in DNA methylation at these regulatory regions often occur during embryonic development, in response to the environment, and during disease progression (2, 5, 6) .
Between closely related species, differences in proteins are more often found at the expression level rather than at the sequence level (7) , and it has therefore been proposed that evolutionary changes in gene regulation play a major role in phenotypic diversification (8, 9) . These changes in gene regulation may arise through genetic mutation/drift but also via alterations in DNA methylation state. To understand how DNA methylation patterns change during evolution, several studies have compared the genome-wide DNA methylation profiles (methylomes) in closely related great-ape species (10) (11) (12) (13) (14) . Depending on the tissues analyzed, human-chimpanzee comparisons estimated that 12-18% of inter-species differences in gene expression could be explained by the changes in promoter methylation (12) . Our previous study on human and chimpanzee chromosomes 21 and 22 revealed that genetic changes that create or disrupt binding sites for CCCTC-binding factor (CTCF), a nuclear protein that regulates chromatin folding, are often associated with DNA methylation changes (10) . This suggested that inter-species epigenetic differences can arise via genetic differences in transcription factor (TF)-binding sites (TFBSs). Indeed, recent studies on methylation quantitative trait loci using human lymphoblastoid cell lines identified many intraspecies methylation variations that were associated with single nucleotide polymorphisms within TFBSs, including those for CTCF (15, 16) . Similarly, strain-specific DNA methylation and histone acetylation patterns in mice are likely determined mainly by genetic changes (17, 18) .
It has been generally thought that hypomethylated regions in the mammalian epigenome are small in size [<a few kilo base pairs (kb)] as exemplified by CpG islands and enhancers. However, large genomic domains (>several tens of kb) with relatively low methylation levels were recently identified in particular cells and were designated hypomethylated domains (HMDs), partially methylated domains, or DNA methylation valleys (4, (19) (20) (21) (22) . HMDs in normal somatic tissues and pluripotent stem cells are gene-rich, G þ C rich, and are often marked by trimethylation of histone H3 lysine-27 (H3K27me3) and trimethylation of histone H3 lysine-4 (H3K4me3). Changes in HMD methylation levels are often associated with cell differentiation and disease conditions (19, (21) (22) (23) (24) . Conversely, in cancer cells and in cultured fibroblastic cells, HMDs are G þ C poor and gene-poor (4, 23) and marked by H3K9me3 (25) . The mechanisms underlying the establishment and maintenance of HMDs remain poorly understood, and the evolutionary conservation/alteration of HMDs and its effect on phenotypic diversification remains unaddressed.
To study the mechanisms underlying inter-species epigenetic differences, we analyzed existing DNA methylome datasets from human and chimpanzee tissues. In addition, we determined the sperm methylome of the Japanese macaque and used it as a reference to infer ancestral methylation patterns. Our study demonstrated that genetic changes involving TFBSs and retrotransposons were often associated with local methylation differences. Moreover, we identified humanspecific sperm HMDs, which were frequently associated with copy number variations (CNVs). Combined, our study revealed a tight interaction between DNA sequence and methylation and suggested that loss of DNA methylation is linked to chromosomal instability during human evolution.
Results
Identification of species-specific differentially methylated regions (S-DMRs) in sperm, the frontal cortex, B cells and neutrophils To study differences in the methylome of various tissue/cell types from humans and chimpanzees, we analyzed publicly available whole-genome bisulfite sequencing (WGBS) data from sperm, the frontal cortices, B cells and neutrophils of both species (11, 13, 26) . The average methylation levels at CpG sites ranged from 65 to 80% (Fig. 1A and Supplementary Material,  Table S1 ). Hierarchical clustering grouped the methylome data (1-kb windows) by tissue type rather than by species (Fig. 1B) .
We identified species-specific differentially methylated regions (S-DMRs), defined as containing !10 CpG sites with an average methylation difference of ! 40%, in each tissue by comparing the methylation levels at orthologous CpG sites (see Materials and Methods). This approach identified 12 727, 1875, 3128 and 3210 S-DMRs in sperm, the frontal cortex, B cells and neutrophils, respectively (Fig. 1C and Supplementary Material,  Table S2 ). The median size of the S-DMRs was 1002, 478, 484 and 548 bp in sperm, the frontal cortex, B cells and neutrophils, respectively. To validate these results, we analyzed the methylation states of selected neutrophil S-DMRs in our human and chimpanzee peripheral white blood cell samples (where roughly 40-60% of the cells were neutrophils) by bisulfite-polymerase chain reaction (PCR) (Supplementary Material, Fig. S1 ). The results were consistent with our S-DMR calls with the WGBS data. Interestingly, sperm S-DMRs were $2-fold larger than somatic S-DMRs and outnumbered them by 4-to 7-fold (Fig. 1C) . Moreover, almost all sperm S-DMRs were specific to this cell type (Fig. 1D ). Note that, in these analyses, we utilized identical CpG sites with comparable sequencing depth across cells/tissues, minimizing the possible contribution by data biases (Supplementary Material, Table S1 and see Materials and Methods). Importantly, the methylation states of the sperm SDMRs were highly conserved between different individuals of the same species (Supplementary Material, Fig. S2A and B) . Genomic distributions of the S-DMRs differed considerably between sperm and somatic tissues (P < 10 À153 by v 2 test) ( Fig. 1E ):
sperm S-DMRs tended to be more frequently located in intergenic regions, whereas the somatic S-DMRs were more frequently found within promoters, exons, and introns. The sperm S-DMRs rarely overlapped with promoters ( Fig. 1E ), but more frequently contained repeats such as retrotransposons than did the somatic S-DMRs (Fig. 1F) . Indeed, the repeat occupancy (in length) was higher in the sperm S-DMRs (Fig. 1G) .
Evolution of the sperm methylome
The unique and rapid changes in the sperm methylome after the human-chimpanzee split prompted us to study the sperm S-DMRs in more detail. The methylation levels of the sperm S-DMRs were high in all somatic tissues ( Fig. 2A) , suggesting a sperm-and species-specific loss of methylation in both species. We then constructed a third sperm methylome, in Japanese macaque (Macaca fuscata), by performing WGBS, which yielded a mapped read number comparable to those of human and chimpanzee sperm (Supplementary Material, Table S1 ). Using the Japanese macaque methylome as a reference, the ancestral methylation state and the species-specificity of the changes were inferred in a fraction of the sperm S-DMRs for which orthologous regions could be analyzed (n ¼ 7160). Here, it was assumed that the dynamics of the methylome are parsimonious, just as those of the genome, during evolution. This analysis identified 3675 (3112 hypomethylated and 563 hypermethylated) human-specific and 3202 (678 hypermethylated and 2524 hypomethylated) chimpanzee-specific sperm S-DMRs (Fig. 2B ). The macaque sperm methylome was not informative for the remainder of S-DMRs (n ¼ 283, labeled as unknown in Fig. 2B ) owing to their intermediate methylation levels. The species-specific S-DMRs arose more frequently by a loss (5636 ¼ 3112 þ 2524), rather than by a gain (1241 ¼ 678 þ 563) of methylation. The sperm S-DMRs that were hypomethylated in humans (H < C) were frequently associated with H3K27me3 enrichment in human sperm (27) (Fig. 2C , P < 10 À50 by v 2 test), whereas such an association was not observed for H3K4me3 (Fig. 2D ). This may suggest that speciesspecific hypomethylation is accompanied by species-specific histone modification state in sperm. However, we could not assess it because of lack of histone modification data in chimpanzee sperm.
Loss and gain of TFBSs and S-DMRs
To investigate the potential correlations between epigenetic and genetic changes, we first performed an in silico search for species-specific TF-binding sites (TFBSs) in the S-DMRs (Supplementary Material, Fig. S3A , B and Table S3 ). A speciesspecific gain of a CTCF-binding site was significantly associated with hypomethylation of the S-DMR in all tissues (Bonferroniadjusted P < 0.05 by v 2 test) (Supplementary Material, Table S3 ).
Further analyses using the publicly available ChIP-seq data (28) confirmed that the neutrophil S-DMRs with a human-specific CTCF-binding site identified in silico were indeed bound by CTCF more abundantly in human lymphoblast cells than in chimpanzee lymphoblast cells (Supplementary Material, Fig. S3C ). We also observed frequent association between species-specific hypomethylation at the S-DMRs and TFBSs for YY1 (sperm), NRF1 (sperm), SPI1 (B cells and neutrophils), PO2F2 (B cells) and C/EBP (neutrophils). The latter three TFs are active in the same tissues (29-31) where we identified S-DMRs, indicating that these species-specific genetic changes are associated with the generation or disruption of TFBSs and with tissue-specific TF functionality. Among the species-specific TFBSs associated with the S-DMRs (Supplementary Material, Fig. S3A and Table S3 ), those for ITF2 were associated with hypermethylation, not hypomethylation. Gene ontology enrichment analysis using GREAT (32) revealed that genes located in and around the somatic S-DMRs, but not the sperm S-DMRs, were mostly related to tissue-specific functions (Supplementary Material, Fig. S3D ).
Retrotransposons and sperm S-DMRs
Because retrotransposon insertion or deletion can cause local epigenetic changes ( We found that the methylation levels of the regions around AluYa5 and AluYb8 copies were generally lower in human sperm than in chimpanzee sperm (Fig. 3B ). Because humans have many more copies of AluYa5 and AluYb8 (36) , and because those copies that were shared by both species exhibited smaller methylation differences in their own sequences ( Fig. 3B ), we speculated that the sperm S-DMRs (H < C) could be associated with the human-specific AluY copies. Indeed, such AluY copies were associated with hypomethylation of the adjacent regions ( Fig. 3C ) and, 80% (n ¼ 130) of those found in the sperm S-DMRs (H < C) (n ¼ 164) were human-specific copies (Supplementary Material, Table S4 ). These results suggest a possible role of AluY in sperm S-DMR formation, but it is also possible that AluY preferentially retrotransposed to the sperm S-DMRs (H < C).
In contrast to AluY, most SVA copies found in the sperm SDMRs (H < C) were shared by both species (Supplementary Material, Table S4 ). This is consistent with previous findings that shared SVA copies can serve as S-DMRs (13) and implies a differential regulation of methylation by the two species. Indeed, we found that the upstream regions (up to -2 kb) of the SVA copies tended to be hypomethylated in human but not in chimpanzee sperm (Supplementary Material, Fig. S4C and D) .
Because SVA_E and SVA_F insertions are highly polymorphic even within the human population (37,38), we genotyped our human sperm samples (n ¼ 7) and identified several polymorphic copies (Supplementary Material, Table S5 ). Among them was an SVA_E copy identified at chr7:1186736-1187834 ( Fig. 4A ): one sample was homozygous for this insertion, five were heterozygous, and the last one was a non-carrier. We then observed that the upstream region of this insertion showed 43% methylation in the homozygote but 98% methylation in the non-carrier ( Fig. 4B and C) . In one heterozygote, the same region was less methylated on the SVA-carrying allele compared with the non-carrying allele (22% versus 95% methylation, P ¼ 1.6 Â 10 À32 by v 2 test) (Fig. 4D) , suggesting a cis effect of this insertion on local methylation. These results indicate that de novo SVA insertions generate epigenetic variations within the current human population.
Large HMDs in sperm
During the above studies, we noticed that some of the sperm S-DMRs, but none of the somatic S-DMRs, were very large (!20 kb) ( Fig. 5A and Supplementary Material, Fig. S5A and B). Although HMDs similar to these have been reported in several tissues and cells (4, (19) (20) (21) (22) , their evolutionary conservation has been poorly understood. We thus attempted to identify HMDs of ! 20 kb in human and chimpanzee tissues (regardless of S-DMR or not) using a hidden Markov model segmentation algorithm (39) . We found that both human and chimpanzee sperm contain many more HMDs than somatic cells (Fig. 5B) , and that a majority of the human sperm HMDs were highly methylated in somatic tissues (Fig. 5C) . Interestingly, while a large fraction of the somatic HMDs was shared between humans and chimpanzees, the sperm HMDs were much more specific to each species (Fig. 5B ). This suggests that the sperm HMDs evolved more rapidly than the somatic HMDs. Moreover, the human sperm HMDs (n ¼ 629) outnumbered the chimpanzee sperm HMDs (n ¼ 236).
To explore the species specificity of the sperm HMDs in detail, we identified species-specific sperm HMDs as those that were present only in one species and, were more than 30% less methylated when compared with the corresponding region of the other species. We found that 234 of the 629 human sperm HMDs (37%) were human-specific, whereas only 9 of the 236 chimpanzee sperm HMDs (4%) were chimpanzee-specific (Fig.  5D ). These species-specific sperm HMDs frequently overlapped with one or more of the sperm S-DMRs: 173 of the 234 humanspecific HMDs (74%) and 6 of the 9 chimpanzee-specific HMDs (66%) with the sperm S-DMRs (H < C) and (C < H), respectively. Analysis of the 234 human-specific sperm HMDs that were identified across 4 human and 2 chimpanzee specimens yielded similar results (Supplementary Material, Fig. S5C ). To begin to understand the origin of the methylation states observed in the human-specific sperm HMDs, we examined the methylation levels in orthologous regions in macaque sperm and found that these regions were highly methylated in macaques ( Fig. 5E;  Supplementary Material, Fig. S5D ), indicating that many sperm HMDs were acquired specifically in the human lineage.
Unique features of the human-specific sperm HMDs
Although about a quarter (49/176) of the sperm HMDs shared between humans and chimpanzees overlapped with somatic HMDs (constitutive HMDs) (Fig. 6A) , most human-specific sperm HMDs were found only in sperm. The constitutive HMDs were located in gene-rich regions and marked with H3K27me3 and/or H3K4me3 in the sperm chromatin (27) (Fig. 6A) , as previously reported for somatic HMDs (19, 21, 22) . In contrast, the humanspecific sperm HMDs were located in regions that were GC-poor, gene-poor, L1-rich, and did not show enrichment for H3K27me3, H3K4me3 or MNase-sensitive sites ( Fig. 6A and B) . The observation was apparently inconsistent with the above finding that the sperm S-DMRs (H < C) showed H3K27me3 enrichment ( Fig. 2C) but, in fact, those in the human-specific HMDs (n ¼ 242) were not enriched with H3K27me3 (Supplementary Material, Fig. S6 ). These findings imply that the human-specific sperm HMDs evolved through a mechanism different from that of the constitutive HMDs. Notably, about half of the human-specific sperm HMDs were located on the X chromosome (Supplementary Material, Table S6 ), which is L1-rich. Hypomethylation is associated with chromosomal instability in diseases such as ICF (immunodeficiency, centromere instability and facial anomalies) syndrome (40) , and cancer (41, 42) . Moreover, it has been proposed that hypomethylation in human sperm can be associated with CNVs (43) . Using publicly available human and chimpanzee CNV data (44,45), we found that both human-specific and shared sperm HMDs were frequently associated with human CNVs (Fig. 6C) . Moreover, the human-specific sperm HMDs were associated with humanspecific CNVs, but not with chimpanzee-specific CNVs (Supplementary Material, Fig. S7A ), although the association was not significant likely owing to the small number of the human-specific CNVs. Likewise, the chimpanzee-specific sperm HMDs were frequently associated with chimpanzee-specific CNVs (Supplementary Material, Fig. S7B ). Thus, we observed a link between the species-specific sperm HMDs (many of which overlapped with the sperm S-DMRs) and genetic changes. Interestingly, some of the chromosomal breakpoints responsible for Turner syndrome (46), a condition in females where one X-chromosome is completely or partially lost, were located within or close to the human-specific sperm HMDs (Supplementary Material, Fig. S7C ).
Discussion
In this study, we explored how genetic and epigenetic changes are linked during primate evolution, by first identifying S-DMRs in humans and chimpanzees using DNA methylome data and then characterizing the sequence features of the S-DMRs. We revealed closer methylome relationships according to tissue type, not species, similar to the reported tissue-dependent clustering of gene expression patterns (47) . Moreover, most S-DMRs identified in sperm were not S-DMRs in somatic tissues, underscoring the robustness of the developmental program regulating somatic methylomes.
It was previously reported in mouse embryonic stem cells, that DNA methylation states of exogenous DNA fragments were autonomously and reproducibly determined by their sequence features such as the presence/absence of TFBSs (48) . Consistent with this, we observed in our S-DMRs that sequence variations at TFBSs were often associated with their methylation changes in the same direction. This finding was also consistent with recent reports on the effects of TFBS variations on methylation states within human populations (15, 16, 34) . Therefore, it is conceivable that evolutionary losses and gains in TFBSs are involved in the formation of S-DMRs and in species-specific transcriptomes, in tissues that express the TFs. We also found that retrotransposons are linked with the methylome divergence in primates. Retrotransposons increase their copies in the genome through retrotransposition events, but most copies present in the descendent species accumulate numerous sequence changes and are no longer active. However, in humans and chimpanzees, some retrotransposons including AluY, SVA_E, SVA_F, and L1Hs, are still active and generate genetic diversity via retrotransposition (36, 49) . Among the extinct retrotransposons, we found that LTR12C is enriched in S-DMRs both in germ and somatic cells. It has been inferred that the LTR12 family became inactive in retrotransposition about 6 million years ago, immediately before the humanchimpanzee split, as almost all human LTR12C copies have orthologues in the chimpanzee genome (50) . However, while some of the S-DMRs associated with LTR12C copies are more methylated in humans, others are more methylated in chimpanzees. Because the LTR12 family sequences can serve as enhancers (51), their differential methylation could cause differential expression of their neighboring genes.
Of the currently active retrotransposons, AluYa5/Yb8 exhibited a clear enrichment in S-DMRs. As such, human-specific AluYa5/Yb8 insertions were frequently associated with humanspecific hypomethylation of the flanking regions in sperm DNA.
A previous study reported a link between Alu insertions and DNA methylation divergence in the somatic cells of humans and chimpanzees (34) . However, the effect was opposite to what we observed in sperm (i.e. insertions were associated with hypermethylation). This discrepancy can be resolved by the fact that AluYa5/Yb8 copies tend to be hypermethylated in somatic tissues but hypomethylated in sperm. Human-specific SVA subfamilies are another class of active retrotransposon associated with human-specific hypomethylation in sperm. The 5 0 regions of young SVA families are highly CpG-rich, resembling CpG islands, and thus SVA retrotranspositions could create a hypomethylation center, extending beyond the 5 0 junction, in the human genome. Indeed, we observed an SVA_E insertion that was polymorphic even within the human population and was associated with hypomethylation. Taken together, our results indicate that retrotransposon insertions are one of the driving forces for methylome evolution in primates. Recent methylome studies have revealed the presence of a substantial number of HMDs in mammalian somatic cells (20, 24) , but their evolutionary conservation has been poorly understood. We found that, although HMDs in somatic tissues are highly conserved between humans and chimpanzees, HMDs in sperm are more specific to the respective species. Many new sperm HMDs appeared only in the human lineage. Interestingly, while most somatic HMDs were located in GC-rich and generich regions (corresponding to chromosome R bands), many human-specific sperm HMDs were located in GC-poor, genepoor and L1-rich regions (G bands). In somatic cells, the GC-poor and L1-rich genomic regions tend to be located close to the nuclear periphery (52, 53) , where H3K9me2, a repressive mark, is highly enriched (54, 55) . In contrast, male germ cells may have a specific subnuclear positioning pattern and/or chromatin environment, which could result in the formation of sperm-specific HMDs. It has been proposed that hypomethylation in sperm is associated with chromosomal instability (43) . Consistent with this hypothesis, our results demonstrated a significant overlap between sperm HMDs and CNVs. In general, this type of study must carefully control for potential cofounders (56), we believe that our study presents a better case than the previous ones: for example, our HMDs were precisely defined and depleted of CpG island (Fig. 6A) , which was previously shown to be a strong confounder (56) . Although it is tempting to speculate that the human-specific sperm HMDs is involved in CNV formation, establishment of the casual relationship awaits future studies.
In conclusion, our study revealed that genetic changes in TFBSs and retrotransposon insertions have significantly contributed to the evolutionary changes in the primate methylome. Moreover, we found that humans have acquired a number of species-specific HMDs in male germ cells, which may cause large genetic variations such as CNVs. These results underscore a tight link between the evolutionary changes in DNA sequence and those in the epigenetic state, and suggest that they can synergistically contribute to the diversification of gene expression and phenotype.
Materials and Methods
Whole-genome bisulfite sequencing WGBS of sperm from a Japanese macaque was approved by the experimental ethics committee of the Primate Research Institute, Kyoto University (2010-122 and 2011-007). Genomic DNA was prepared using a standard procedure. The WGBS library was constructed using the post-bisulfite adaptor tagging 
Published data sets
Cell or tissue WGBS data were retrieved from the following indicated databases: sperm data of four humans and two chimpanzees, GSE30340 (13) and GSE49624 (58); the frontal cortex data of male human and chimpanzee, GSE37202 (11); and B cells and neutrophils data from female human and chimpanzee, GSE31971 and SRP021118 (26) . ChIP-seq data of human sperm (H3K27me3 and H3K4me3) were from GSE15690 (27) . Human and chimpanzee CNV data were from refs (44, 45) .
Construction of methylomes and identification of S-DMRs and HMDs
Low quality bases and adaptor sequences were trimmed away from the ends of WGBS reads using Trim Galore (http://www.bio informatics.babraham.ac.uk/projects/trim_galore/; date last accessed on June 24, 2017) with default parameters. The reads were then aligned by Bismark (59) using reference human (hg19), chimpanzee (panTro4) or rhesus macaque (rheMac3) genomes. The option 'pbat' was used for WGBS reads of the Japanese macaque. Only uniquely aligned reads were used to (E) Heatmaps of the methylation levels of the shared and human-specific sperm HMDs in human, chimpanzee, and macaque sperm. construct methylomes. S-DMRs were identified by comparing human and chimpanzee methylomes. The positions of CpG sites in the chimpanzee genome were converted to orthologous CpG positions in the human genome by liftover (60) . S-DMR candidates were identified using the 'Commet' command in BisulFighter (61) . Only CpG sites covered by at least one read in all samples were used for the BisulFighter analysis. To enhance the confidence of S-DMR call, we calculated the average methylation levels of the candidates using CpG sites with !5 reads in both humans and chimpanzees, and among the candidates, those containing !10 successive analyzable CpG sites and showing a ! 40% methylation difference were determined as SDMRs. Human-specific sperm S-DMRs were identified using the following criteria: (1) jhuman-macaquej >20% and (2) jhumanmacaquej/jchimpanzee-macaquej >1.5. Chimpanzee-specific SDMRs were identified in a similar fashion.
CpG sites covered by at least one read in all samples were used for the identification of HMDs. HMD candidates were identified using a hidden Markov model segmentation algorithm by choosing the 'pmd' command in methpipe (39) with default parameters. Among the candidates, those spanning !20 kb, having a methylation level <50% and carrying !50 CpG sites with !5 depth were identified as HMDs. We designated species-specific HMDs as those that were present in only one species at a rate of 30% or less methylation, when compared with the corresponding region of the other species.
Species-specific TFBSs and their association with S-DMRs TF binding motifs were obtained from HOCOMOCO (http://auto some.ru/HOCOMOCO/; date last accessed on June 24, 2017), and putative TFBSs were identified in human and chimpanzee S-DMR sequences by RSAT (http://rsat.ulb.ac.be/; date last accessed on June 24, 2017). For each TFBS-containing S-DMR, the lowest P-value obtained by RSAT was determined as the representative value in each species. A TFBS was defined as species-specific if the P-value obtained in one species was <10 or hypomethylation was assessed by counting S-DMRs (H < C) and S-DMRs (C < H) containing species-specific TFBSs for particular TFs. Statistical significance was determined by v 2 test.
Identification of retrotransposons enriched in S-DMRs
The RepeatMasker annotation data for the human genome was downloaded from the UCSC table browser (60) . A set of genomic regions was selected so that each region would correspond to an S-DMR with the same length and the same or closest number (a 10% difference allowed) of analyzable CpGs (read depth !5 in both human and chimpanzee) but otherwise fortuitously, and regions containing a given retrotransposon were counted. We generated 1000 such data sets and calculated the average number of regions containing that retrotransposon, which was used as the expected number.
Retrotransposons residing in >0.5% of the S-DMRs and enriched by >2-fold over the expectation were identified as S-DMR-enriched retrotransposons. The statistical significance of enrichment was examined by v 2 test.
Analysis of enrichment of histone marks in S-DMRs
Histone mark enrichment analyses were performed as the retrotransposon enrichment analyses.
Analysis of enrichment of CNVs in HMDs
Human CNV annotation data (44) were obtained from UCSC table browser (60) , and species-specific CNV annotation data were obtained from Supplementary 
Identification of species-specific retrotransposon insertions
Human/chimpanzee genomic sequence alignments were downloaded from the UCSC genome browser (60) , and insertions/deletions (unaligned segments) were identified. Species-specific retrotransposon insertions were then identified using the following criteria: (1) !80% of the insertion should be spanned by a part of single retrotransposon, and (2) if a partial deletion of a retrotransposon copy was the cause of an apparent retrotransposon insertion in the other species, the deletion should span !80% of that copy. The second criterion effectively excluded apparent insertions resulting from small species-specific deletions within retrotransposons.
Identification of polymorphic SVA insertions and bisulfite-PCR analysis
Genomic DNA was prepared from sperm obtained from human donors of 25-35 years old. The presence or absence of an SVA copy at chr7: 1186736-1187834 was determined by genotyping PCR. DNA methylation state was determined by bisulfite treatment of the genomic DNA, followed by touchdown PCR, as described previously (62) . PCR products were cloned, and the resultant plasmids were sequenced. Primers used for genotyping and bisulfite analyses are listed in Supplementary Material, Table S5 . The study procedures were approved by Ethics Committee of Human Genome Analysis, Kyushu University (approval numbers 508-00 and 600-00).
Supplementary Material
Supplementary Material is available at HMG online.
